Abstract Cooling towers are considered as amplifier and disseminator sources for Legionella spp. despite preventive treatments. Information which was obtained from biocidal tests could improve the effectiveness of treatments. Therefore, the choice of appropriate biocides and the applying of biocides in correct dosages and contact times are important. Various oxidizing and non-oxidizing biocides have been investigated in vitro for their effectiveness against legionellae. Colloidal silver-hydrogen peroxide (CSHP) and 2-bromo-2-nitroporopane-1,3-diol (BNPD) biocides were selected as an example for oxidizing and non-oxidizing agents, respectively, in view of bactericidal action against different serogroups of L. pneumophila strains [serogroup 1 (S1) and serogroup 2-14 (S2)] which are isolated different cooling towers in the vicinity of Istanbul, Turkey and reference strain. In the current study, oxidizing biocide was found more effective than non-oxidizing biocide in terms of contact times, log reductions and recommended dosages. At the recommended concentrations for cooling towers (100 ppm), while CSHP compound killed all strains in 3 h contact time, BNPD compound killed S2 and reference strain in the same contact time, S1 strain after 6 h contact time. The results of the present study showed that effective biocide applications can be achieved by pre-determining minimum inhibitory concentration (MIC) and minimum contact time of different biocides to kill target bacteria.
Introduction
Legionella pneumophila is the causative agent of Legionnaires' disease and Pontiac fever. The primary route of dispersion of this aetiological agent is the inhalation of water aerosols containing the bacteria. Well-known sources of the legionellosis are frequently contaminated cooling tower waters or potable waters. Irrefutable studies demonstrate that the overall prevention strategy against these bacteria in cooling towers depends on regular maintenance and cleaning of the towers in conjunction with chemical biocide control [1] [2] [3] [4] [5] . A number of different oxidizing and nonoxidizing agents biocides have been examined to determine their effectiveness against these bacteria, in vitro [1, [6] [7] [8] . In this sense, an oxidizing and a non-oxidizing agent were selected as representative samples for two different groups.
In the current study, a mixture of colloidal silverhydrogen peroxide (CSHP) and 2-bromo-2-nitroporopane-1,3-diol (BNPD) which are commercial formulations recommended by manufacturers for decontamination and inhibiting biological growth in cooling towers and airconditions were investigated. Although these biocides recommended for decontamination of water systems, there is no published data about the efficacy of this compound against different legionellae which are isolated from Turkey. CSHP is an alternative oxidizing compound for its being safe for humans and environment, effective even in low concentrations, stable in a wide range of temperatures up to the boiling disinfection, has no build-up resistance by microorganisms. CSHP compound shows activity based on the fast oxidative-reductive chemical reaction against nucleic acids, functions of protein and enzymes [9] . On the other hand, BNPD has a broad spectrum of antibacterial activity which is a non-oxidizing compound, stable under varying conditions of temperature, relative humidity and exposure to natural light, slightly toxic to avian species, freshwater fish and invertebrates [10] . The antibacterial activity of BNPD relates to its interaction with essential thiols within the cell for the growth inhibition and generation of free radicals causing cell death [11] [12] [13] .
The purpose of the present study is to determine the lethal activity of various concentrations of a mixture of CSHP and BNPD compounds on L. pneumophila. The susceptibility of environmental isolates [SG1 (S1) and SG 2-14 (S2)] and reference strain of L. pneumophila (SG1 ATCC 33152) to biocides was also assessed at different contact times.
Materials and Methods

Test Organisms
All tests were performed with three different L. pneumophila strains confirmed by monoclonal antibody tests. S1 and S2 strains were isolated from different cooling towers in the vicinity of Istanbul. Reference strain of L. pneumophila was obtained from Hertfordshire University Biodeterioration Center. In a previous study strains were investigated by Randomly Amplified Polymorphic DNA (RAPD) method and they were genotypically different [14] . Cultures were grown on Buffered Charcoal Yeast Extract Agar (BCYEA, Oxoid) to late log phase, then cells were harvested and a suspension was prepared in Cl 2 -free sterile tap water to a concentration of Mc Farland 1 standard. The suspension was diluted in 1/10 ratio and used in the experiments.
Biocide
Different concentrations of CSHP (Roam Chemie, Belgium) and BNPD (Merck, Germany) compounds were prepared in sterile demineralised water. Concentrations of 5,000, 4,000, 3,000, 2,000, 1,000, 500, 400, 300, 200, 100, 50 ppm were used for CSHP and concentrations of 5,000, 1,000, 900, 800, 700, 600, 500, 400, 300, 200, 150, 100, 50 and 25 ppm were used for BNPD. Concentrations used in the present study were determined by minimum inhibitory concentration (MIC) tests.
Determination of MIC
Macrodilution method was followed for the determinations the minimum inhibitory concentrations of biocides for L. pneumophila strains.
Different concentrations of biocides were prepared in test tubes and each tube was then inoculated with L. pneumophila inocula (final concentration 10 5 CFU ml -1 ). The tubes were incubated at 37°C for 4 days and then examined for visual turbidity. The lowest concentration of the biocide, at which growth was inhibited (indicated by lack of turbidity), was taken as MIC. Samples of 10 ll were drawn from each tube without turbidity and were subcultured on BCYE plates to determine bactericidal concentration.
Neutralization of Biocides
CSHP were neutralized using 0.4% sodium thiosulphate solution, whereas BNPD was neutralized using sodium thioglycolate at an equimolar concentration to the highest BNPD concentration.
Determination of Biocidal Activity
In the current study, suspension test method which was described by Skaliy et al. [6] was modified based on ASTM (1991) E 645-91 [15] standard test method which is used for determination of the efficacy of microbicides used in cooling systems.
The bactericidal activity of sub-MIC biocide concentrations was assessed by adding bacterial suspension into sterile demineralised water containing different concentrations of biocide. After shaking this mixture gently, aliquots were drawn at 0th, 3rd, 6th, 24th and 168th hours of incubation, and transferred into appropriate neutralizer in sterile tap water.
An aliquot of the neutralized sample was serially diluted with sterile tap water. 0.1 ml from each of suitable dilutions was inoculated on BCYEA. After inoculation, plates were sealed in polyethylene bags to prevent dehydration. After 7-days incubation at 37°C, the number of survivors was determined by counting the colonies (CFU/mL) using a colony counter device (åCOLyte Super Colony Counter, Synbiosis). Plates on which colonies did not develop were incubated for an additional 7 days before discarding. At the time points given above, biocide-bacteria suspensions were incubated at 37°C and aliquots were processed as described above. The controls consisted of Legionella bacteria in Cl 2 -free sterile tap water containing no biocide [16, 17] . All of the experiments were done in triplicates. The activity of biocides was evaluated according to log CFU reductions in bacteria. Concentrations providing 4-log reduction in CFU value was accepted as effective [18] .
Statistical Analysis
Results were analyzed statistically by student's t-test. Differences were considered significant when P\ 0.05.
Results and Discussion
Contaminated water systems with legionellae must be eradicated by alternative biocides without delay [5, 6] . Various oxidizing and non-oxidizing agents have been investigated for legionellae decontamination of water systems [2] [3] [4] [5] [6] [19] [20] [21] [22] . In this sense, CSHP and BNPD were examined as an example for oxidizing and non-oxidizing agents, respectively, in view of bactericidal action against different serogroups of L. pneumophila strains. MIC values of CSHP biocide were found as 1,000 ppm concentration for S1 and 300 ppm concentration for S2 and reference strains. According to determined MIC values, it was found that S1 is the most resistant strain and the susceptibility of reference and S2 strains was found to be similar against CSHP (Table 1) . On the other hand, it was observed that the susceptibility of environmental strains is similar and reference strain is the most susceptible strain against BNPD (Table 2) . 400 ppm BNPD concentration was found as MIC for S1 and S2 strains, 300 ppm for reference strain.
CSHP compound was found effective at the recommended concentrations (30-100 ppm for cooling towers with continuous treatment, 1,000-3,000 ppm for legionellae). It was determined that concentrations of 1,000-5,000 ppm of CSHP achieved [5 log reduction at 0 h contact time. Furthermore all strains were killed by lower doses (100 and 50 ppm) in 3 h contact time (Table 3) .
Domingue et al. [7] was stated that [99% of L. pneumophila population was inactivated with 1,000 lg/ml H 2 O 2 within 30 min contact time. However, in our study we have found that the 1,000 lg/ml CSHP achieved C5 log reduction at 0 h contact time. The difference in the results may be originated from chemical structures of tested compounds, since CSHP contains silver nitrate as a stabiliser and activator for hydrogen peroxide [9] . Our results are in agreement with those of García and Pelaz [8] in terms of log reductions of the L. pneumophila and the effectiveness of the CSHP at the recommended concentrations.
Recommended BNPD concentration for cooling towers (100 ppm) killed S2 and reference strains at 3 h contact time, however S1 strain was killed at 6 h contact time. The antibacterial activity of lower doses BNPD (50 and 25 ppm) against S1 and reference strains required longer contact times than recommended concentrations ( Table 4) .
The results presented here agreed with those of Wright et al. [3] who found BNPD to be effective against environmental serogroup 1 strain with the 100 ppm dose which reduce the number of viable bacteria by more than 4 logs after contact for 9 h. In our study, it was also observed that for killing environmental S1 strain required longer contact times (Table 4) .
Elsmore [1] assigned that BNPD was effective against legionellae both in laboratory experiments (50 ppm) and Table 4 Survival of different serogroups of L. pneumophila (log CFU ml cooling systems (70 ppm). On the other hand, the others [21, 23] indicated that BNPD was ineffective against legionellae. In our study, the efficacy of BNPD showed variability according to strains and contact times. These differences can be related to the following reasons: (i) strains were isolated form different sources, (ii) strains may be improved resistance, if they have been exposed to biocides before isolation, (iii) strains belong to different serogroups of L. pneumophila. The differences biocide treated (both CSHP and BNPD) and untreated samples were statistically significant (P\ 0.05).
The susceptibility of the strains against both tested biocides was in the order of: reference strain [ S2 [ S1 in terms of log reduction from initial counts. Environmental strains might be exposed antibacterial compounds and thus, may exhibit improved resistance [24] .
In general, oxidizing biocides were found to be more effective than non-oxidizing ones against legionellae [5, 16, 17] . In the present study oxidizing biocide (CSHP) was found more effective than non-oxidizing biocide (BNPD) in terms of contact times, log reductions and recommended concentrations. Although BNPD is accepted as effective a biocide for decontamination of legionellae according to Elsmore's criteria [18] it should be considered that BNPD was found effective against legionellae above recommended concentrations. Since several factors such as bacterial strains and the background conditions in the water system (e.g. pH, temperature, and organic and inorganic constituents' levels) affect the efficiency of a biocide against bacteria, results which were found as effective should be tested under field trial conditions [5, 18, 25] .
Each manufacturer recommends various concentrations for decontamination of water systems by biocides; however these concentrations may not be proper for each system and each target microorganism. The results of the present study showed that effective biocide applications can be achieved by pre-determining MIC and minimum contact time of different biocides to kill target bacteria. If water treatment biocides will not be applied to systems in correct dosages and contact times, it would be detrimental rather than beneficial. Also, the current study is important for extending previous data on L. pneumophila isolates from different geographic areas.
